To evaluate the effect of zinc (Zn), cadmium (Cd), and chromium (Cr) on growth and selected physiological traits in barley, a greenhouse trial was performed using four barley varieties that were exposed to different concentration of these metals. The parameters quantified were growth, chlorophyll content, and chlorophyll fluorescence during three phenological stages: flag leaf, anthesis, and grain filling. The metal concentrations in both the plant and soil were also quantified. We determined that the varieties studied were more tolerant to Zn and Cd than to Cr. Treatment with Zn did not negatively affect growth, and only high concentrations of Cd decreased growth by approximately 4% to 8%. Plants treated with the highest Cr concentration stopped growing at the flag leaf stage. The amount of metal that accumulated in the plant increased with increasing metal concentration, and the highest amount of accumulated metal was recorded in the root and shoot. Both the plant height and dry weight were higher in the CB502 variety plants, followed by the Reinette, Pedrezuela, and Plaisant varieties. The same trend was observed for the chlorophyll content and fluorescence, with a significant correlation between the growth parameters and chlorophyll content (p < 0.001). Thus, we determined that barley has variability in the studied traits.
Introduction
Environmental quality is increasingly affected by heavy metals present in the atmosphere, water, and soil. For this reason, the interest in understanding the toxic effects of heavy metals on crop growth and physiology has increased in the past few years.
All plants absorb heavy metals from the substrate in which they grow to different degrees. The metal concentrations in different parts of the plant depend on intrinsic (genetic) and extrinsic (environmental) factors and vary widely between the species and types of metal. Plants can tolerate large amounts of metal in their environment using two strategies: 1) Exclusion: The metal transport is restricted and minimal, and the metal concentration in the shoot remains relatively constant even within a wide range of metal concentrations in the soil. This is the most common strategy in species that are tolerant to metals; 2) Accumulation: Metals accumulate in a non-toxic form in the upper parts of terrestrial plants for both high and low concentrations present in the soil [1] [2] [3] . The ability of terrestrial plants to absorb contaminants from the rhizosphere and move them to the shoot has resulted in an increase in the number of studies on plants that can improve soils contaminated by heavy metals [4] [5] [6] [7] .
The use of crops for phytoremediation has the advantages of producing large amounts of biomass and a great adaptability to different environmental conditions. However, to be effective, the plants must be tolerant to contaminants and must also be capable of accumulating large amounts of toxic elements in their tissues [8] . If the concentration of contaminants in the crop biomass is below the critical level for cattle consumption, these crops can add important economic value to the extraction process. The phytoextraction of metals is a promising method that is applicable to soils that are mildly or moderately contaminated, and this is an alternative to ex-situ
Materials and Methods

Plant Materials and Metal Treatments
Four varieties of barley were used. These were two tworow varieties (Pedrezuela and Reinette) and two six-row varieties (CB502 and Plaisant). In November 2010, 156 pots of 4 L were planted in the greenhouse with two seeds per pot. The substrate used contained soil and sand in a 2:1 ratio. The pots were watered with tap water until the plants reached stage 20 using Zadoks' scale [21] . The pots were then divided into three groups of 34 pots each.
Each group was watered with solutions containing different concentrations of Zn, Cd, or Cr (VI). Four treatments were applied per group (T0, T1, T2, T3) with four pots per treatment. Control pots (T0) were watered with 400 ml of tap water. The metal treated pots (T1 -T3) were watered up to the final crop cycle using 300 ml of tap water + 100 ml of the corresponding metal solution prepared using ZnSO 4 ·7H 2 O, CdCl 2 ·2,5H 2 O, or K 2 Cr 2 O 7 for the Zn, Cd, and Cr treatments, respectively ( Table 1) .
Plant Height and Dry Weight
Plant height was measured at the beginning of the treatment (S0), which included the flag leaf stage (i.e., the S1 sampling stage (41 Zadoks)); at anthesis (i.e., S2 sampling stage (65 Zadoks)); and during grain filling (i.e., S3 stage (80 Zadoks)).
At the end of the crop cycle, spikes from each plant were removed and weighed. Next, the plants were cut at the soil level to collect the total biomass of the aerial part. The spikes were threshed in a spike thresher (Precision Machine Co. Inc.), and the grain obtained was ground using an IKA A10 grinder for metal analysis. Once washed, the roots from each plant were dried in a stove at 80˚C for 48 hours to obtain the dry weight.
Metal Analysis
The metals in the stem and root were extracted after acid digestion of ashes. The soil metals were extracted in an acid medium using a microwave extraction system (Multiwave 3000, Anton Paar GmbH, Graz, Austria). The analysis of Cd, Zn, and Cr in the corresponding extracts was performed using Atomic Absorption Spectroscopy (Varian AA 240 FS, Varian, Palo Alto, CA).
Chlorophyll Content
The evaluation of the chlorophyll content was performed in intact leaves using a portable device (SPAD-502). The samplings were performed at the flag leaf (S1), anthesis (S2), and grain filling (S3) stages based on the flag leaf of the main stem from each plant. Four measurements were extracted per plant, and the mean value was deter- 
Chlorophyll Fluorescence Measurements
Chlorophyll fluorescence was measured at the flag leaf (S1), anthesis (S2), and grain filling (S3) stages using an F MS2 fluorometer (Hansatech Instruments Ltd., England). Fluorescence parameters were measured in the central part of the flag leaf of the main stem from each plant after adaptation to the dark for 30 minutes.
Statistical Analysis
The data were analyzed using SAS for analysis of variance. The means between treatments were compared using a Duncan test or with LSD values.
Results
Effects of Zn, Cd, and Cr on Growth
Plant Height
At the beginning of each treatment, the plant heights were similar between each genotype, with a mean of 42, 33, 32, and 28 cm for the CB502, Pedrezuela, Reinette, and Plaisant varieties, respectively (Figure 1 ). Plants treated with solutions containing a variety of Zn and Cd concentrations continued to grow until the end of the grain filling period, with a significantly greater mean plant height during this period than plant height at the beginning of the treatments or at the flag leaf stage. The differences observed in plant height between the anthesis and grain filling stages were very small and were not significant in the four genotypes studied. The growth of the treated plants compared to the growth of the control plants demonstrated the greatest difference in plants treated with the highest metal concentrations, which corresponded to treatment T3. In CB502 and Pedrezuela barley, the growth of the control plants was 45% and 50% respectively, similar to that of the plants treated with the highest Zn concentration. However, in plants treated with the highest Cd concentration, the growth was 41% for CB502 and 45% for Pedrezuela relative to the control plants. For the Reinette and Plaisant varieties, the mean growth of the control plants was 62%. In plants treated with the highest concentration of Zn, the growth was 58% for the two varieties. When the highest Cd concentration was used, the growth was 54% for Reinette and 56% for Plaisant.
Treatment with Cr affected plant growth more drastically in all genotypes studied. The mean height of the four barley varieties treated with Cr was significantly lower than the height of plants treated with different concentrations of Zn or Cd. As observed in Figure 1 , only plants treated with the lowest concentrations of Cr continued to grow until the end of the cycle. The growth of plants treated with the lowest Cr concentration was 27% for CB502, Pedrezuela, and Reinette, and 32% for Plaisant. For the four varieties, the growth was lower than during treatments with the highest concentrations of Zn and Cd. The growth of plants treated with the intermediate Cr concentration was 17% for Reinette and Pedrezuela and 7% for Plaisant and CB502. The growth was 0% for plants treated with the highest Cr concentration for all four of the varieties studied.
Dry Weight
The mean dry weight for the aerial plant parts was greatest for CB502, followed by Reinette, Plaisant, and Pedrezuela. The differences between all four genotypes were statistically significant (Figure 2A) . The dry weights of plants treated with Zn or Cd were similar and significantly higher than the weights of plants treated with Cr. In plants treated with different concentrations of Zn and Cd, the dry weight of control plants were very similar or even lower than the weights of the plants treated with the highest metal concentrations. Indeed, for Plaisant, the weights of the plants treated with the highest concentration of Zn and Cd were 86 g and 109 g, respectively, and the weight of the control plants was 65 g.
These results are expected because plants treated with Zn and Cd did not show toxicity symptoms such as leaf chlorosis until the end of the crop cycle. The leaves on plants treated with the highest concentrations of Cd dried earlier relative to the control; however, plants treated with Cr displayed the toxic effects produced by the metal across all treatments. Plants that demonstrated the most severe effect on growth were those treated with the highest concentration of Cr. Indeed, these plants dried before completing the crop cycle. For all varieties studied, the dry weight of the plants treated with the highest Cr concentration was lower than the weight of the controls. The percent decrease with respect to the control plants was 88%, 87%, 86%, and 79% for CB502, Pedrezuela, Reinette, and Plaisant, respectively.
The dry weights of the roots were higher in plants treated with Zn and Cd. The dry weight varied between 12% in Reinette treated with Zn and 53% in Plaisant treated with the highest concentration of Cd ( Figure 2B ). The opposite occurred in plants treated with Cr. The reduction in root dry weight was recorded in all cases and was 61%, 77%, 36%, and 40% for CB502, Pedrezuela, Reinette, and Plaisant, respectively.
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Growth of Four Varieties of Barley (Hordeum vulgare L.) in Soils Contaminated with Heavy Metals and Their Effects on Some Physiological
Metal Content in Plants
For the Zn ( Table 2 ) and Cd ( Table 3 ) treatments, in all genotypes studied, the amount of metal accumulated in the plant increased with increasing metal concentration applied to the soil. In the Cr treatment (Table 4) , significant differences exist only between the control and treatments. The correlation obtained between the metal accumulated in the plants and the concentration of metal applied to the soil was significant for both Zn and Cr (p < 0.05) and Cd (p = 0.01).
In some genotypes, such as CB502 and Pedrezuela, the amount of accumulated Cr in the plants treated with the highest metal concentration was lower than that in the plants treated with lowest concentrations. This might be because the precocity of these two genotypes, as plants treated with higher concentrations dried earlier and therefore, stopped accumulating metal.
Significant differences in Zn and Cd accumulation in different plant parts existed, with higher amounts of metal accumulated in the root, followed by the shoot and then the grain, which contained a much lower concentration of accumulated metal in all genotypes studied (Tables 2 and 3). There were also differences in the amount of metal accumulated in the different genotypes studied. Based on the mean values, the Zn-treated Plaisant plants accumulated the highest concentration of metal (2698 μg/g), followed by Reinette (1852 μg/g) and CB502 (1464 μg/g). Pedrezuela variety plants accumulated the lowest amount of Zn (254 μg/g). In the Cd treatments, Reinette accumulated the greatest amount of metal (958 μg/g), followed by Plaisant (832 μg/g) and CB502 (707 μg/g). The Pedrezuela variety plants accumulated the lowest amount of Cd (405 μg/g).
In the Cr treatment, the metal content in the grains was not analyzed because, due to Cr's high toxicity in plants, the higher concentration treatments dried out before grain filling.
In Pedrezuela, there were no significant differences between the amount of metal accumulated in the shoot and the roots ( Table 4) . In CB502, Reinette, and Plaisant, the amount of metal accumu ated in the roots was sigl nificantly higher than that accumulated in the aerial parts of the plant.
CB502 accumulated the greatest amount of Cr (2070 μg/g) based on the mean values per genotype, followed by Plaisant and Reinette (1855 and 1667 μg/g, respectively). Pedrezuela accumulated the lowest amount of Cr (78 μg/g).
The amount of metal that remained in the soil was greatest for the higher concentration Zn and Cd treatments. The amounts measured in the soil were similar to those accumulated by the plants in the roots or in the shoot. However, in the Cr-treated plants, less metal remained in the soil; this result was different for the different treatments and genotypes, an effect likely due to the higher toxicity of Cr in plants.
Chlorophyll Content
The chlorophyll content in plants treated with different Zn concentrations was higher during the flag leaf and anthesis stages compared to the last sampling period, which was performed at the end of the grain filling period ( Table 5 ). In the latter sampling period, the measurements were significantly lower in the four varieties studied. The differences between the control and the higher concentration treatments were small, with the highest measurements being those obtained in plants treated with the highest metal concentration, except for the Reinette variety, where the measurements did not differ from the control measurements.
Based on the mean values, the varieties can be separated into two groups. CB502 and Reinette had similar mean chlorophyll contents (45.89 and 45.35, respectively), which were significantly higher than the values obtained for Plaisant and Pedrezuela (41.99 and 35.40, respectively).
In the Cd treatments (Table 6) , we observed the same trend found in the Zn treatments. The chlorophyll content measured in the last sampling period (S3) was significantly lower than those measured for the previous sampling periods (S1 and S2). For the four varieties studied, the chlorophyll content was higher in plants treated with increasing Cd concentrations than in the control plants. The varieties with the highest mean chlorophyll content were Reinette and CB502 (46.35 and 45.46, respectively), followed by Plaisant (43.39) and Pedrezuela (37.21).
Different results were observed for the Cr treatments ( Table 7) . First, we only recorded measurements for the first two sampling periods because the plants had dried out by the third period. The values for chlorophyll con- tent obtained in the second sampling period were significantly lower than the values measured during the first period for all varieties studied. In contrast, when the Cr concentration increased, the chlorophyll content was significantly lower than in the control plants in the four varieties studied.
It was evident that the mean values for the genotypes followed the same trend for the Zn and Cd treatments, although differences between the genotypes were smaller. The CB502 variety demonstrated the highest chlorophyll content (39.33), followed by Reinette (37.28), Plaisant (37.46), and Pedrezuela (33.36). The differences were significant only between the CB502 and Pedrezuela genotypes.
Chlorophyll Fluorescence
In plants treated with different concentrations of Zn (Table 8), chlorophyll fluorescence was similar across all treatments. Between the sampling periods, the most important differences were between the first and final sampling period, except for the Plaisant variety plants, where no significant differences were recorded at any of the sampling periods. The varieties with the highest mean In Cd treatments (Table 9) , the Fv/Fm values were similar between the control plants and those treated with the lowest metal concentrations, and these values were significantly lower for plants treated with the highest metal concentration for all genotypes tested. The only exceptions were in CB502 variety plants, where values for As occurred with the chlorophyll content, the fluorescence also differed more in plants treated with different concentrations of Cr (Table 10 ). In the four varieties studied, the Fv/Fm values corresponding to the highest metal concentration were significantly lower than those in the control plants. The second sampling period also had lower values than did the first period for the four genotypes. The differences between the varieties were small, with mean values of 0.806, 0.804, 0.793, and 0.779 for CB502, Reinette, Plaisant, and Pedrezuela, respectively. This might be due to the more toxic effects of Cr in plants, which highly affected the growth and physiology of the plants treated with this metal.
The correlations between the SPAD values and FV/Fm values were high in the three sampling periods (r = 0.79, r = 0.89, and r = 0.77 for the first, second, and third periods, respectively; p < 0.001). The correlations between the height and SPAD values (r = 0.72; p < 0.001), height and Fv/Fm (r = 0.75; p < 0.001), dry weight and SPAD values (r = 67; p < 0.001), and fluorescence and dry weight values (r = 0.66; p < 0.001) were also significant. 
Discussion
In higher plants, growth inhibition and reduction in biomass production are considered to be responses to heavy metal toxicity; therefore, height and dry weight are used as indicators of toxicity [22] . The results obtained in this study indicate that the barley varieties studied were more sensitive to Cr treatments than to Zn or Cd treatments (Figure 1) . Treatment with Zn did not negatively affect plant growth in the CB502 and Pedrezuela varieties, including at the highest concentration levels. In the Cd treatments, growth was somewhat reduced (i.e., 4% for CB502 and 5% for Pedrezuela) when plants were treated with the highest concentration levels. For the Reinette and Plaisant varieties, the plants treated with the highest concentrations of Zn grew 4% less than control plants, and those treated with the higher concentration of Cd grew 8% and 6% less than control plants. The low and intermediate concentrations of Zn and Cd favored growth and increased the dry weight of the shoots and roots in all varieties of barley studied. Other studies have also demonstrated that plant growth in some species can be stimulated by high concentrations of Zn and other metals [23, 24] . One possible explanation is that these species may have higher requirements of Zn and Cd than other plant types. At the lowest Cr concentrations, growth was reduced relative to the control plants, and at the highest Cr concentrations, plant growth stopped at the flag leaf stage (Figure 1) . The toxic effect of Cr on growth and biomass reduction has been previously demonstrated in rice [25] , in which tolerant varieties were identified, and in Lolium [26] , in which the physiological parameters were also affected by Cr presence.
The dry weights were reduced in plants treated with Cr compared to plants treated with Zn or Cd (Figure 2) , which indicates the lower tolerance to Cr in the studied varieties. Differences were also observed between varieties, with CB502 having the highest weights, followed by Reinette, Plaisant, and Pedrezuela. Generally, the stress produced by metals reduces plant growth due to a reduction in the chlorophyll content and the consequent inhibition of photosynthesis [22, [27] [28] [29] . This fact is consistent with our results because the mean chlorophyll content and fluorescence values were higher for CB502 and Reinette, followed by Plaisant and Pedrezuela, for all Zn, Cd, and Cr treatments (Tables 5-10 ). The negative effect of Cd and Cr on photosynthesis may be due to limitations in mesophyll cells due to a reduction in both light efficiency and the transport rate of electrons implicated in PSII, as was demonstrated by Vasilev [12, 30] in barley and by Vernay [26] in Lolium. The results for Fv/Fm at the highest metal concentration levels, which were significantly lower for all varieties, are consistent with this argument.
The amount of accumulated metal in the aerial parts and the roots increased significantly with increasing metal concentrations in the soil (Tables 2-4) . Metal accumulated preferentially in the root, and a significant relationship has been observed between the metal concentration applied to the soil and the concentration measured in the roots and stems. This suggests that the root was the first place to accumulate metal and that small amounts of metal were translocated to the aerial part of the plant. The greatest metal accumulation in roots and aerial parts has been confirmed in species as different as Hordeum vulgare [31] , Triticum turgidum [19] , Vicia faba [20] , Nicotiana tabacum [23] , Eruca sativa [32] , and Prunus dulcis [28] . Following treatment with Zn or Cd, the genotypes CB502, Plaisant, and Pedrezuela accumulated approximately twice the amount of metal in their roots relative to their aerial parts; however, Reinette accumulated 16-fold more Zn in the roots than in the aerial parts and 34-fold more Cd. These data indicate that the first three genotypes have a mechanism of tolerance to Zn that allows them to accumulate metal in their tissues without affecting plant survival. Reinette seems to tolerate large amounts of Zn and Cd, hindering the translocation of these metals from the root to the aerial parts. In the Cr treatments, slightly more than double the amount of metal accumulated in the root relative to the aerial parts in all genotypes except in Reinette, where twice the amount of metal accumulated in the roots relative to the aerial parts, which indicates the existence of more barriers to metal transport towards the shoot in this variety.
In summary, the traits studied in barley displayed variability, and this suggests the existence of two apparent groups. CB502 and Reinette were most tolerant to the concentrations of metals used in our trials because their growth was least affected by metals and their chlorophyll content and fluorescence values were higher relative to the Pedrezuela and Plaisant varieties. The Plaisant variety plants accumulated greater amounts of Zn, Reinette accumulated greater amounts of Cd, and CB502 accumulated greater amounts of Cr. This is of great interest when selecting a certain variety for phytoextraction in contaminated soils because different plants will vary in their tolerance and extraction capacity based on the type of metal present in the soil.
